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In this paper Operational Trans Resistance Amplifier (OTRA) based LC-ladder filter implementation is pre-
sented. The proposed realization uses leap frog method which is a systematic approach for LC-ladder
design. The OTRA is a current mode active block with low impedance at both input and output terminals.
This active element is therefore a suitable choice for realizing voltage output filter. The proposed struc-
ture uses all grounded passive components that make it attractive from integration viewpoint. The valid-
ity of this approach is demonstrated by PSPICE simulations using CFOA (IC AD844) realization of OTRA.
The simulated results are found in close agreement to proposed theory.
 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Continuous time (CT) filter are extensively used in applications
pertaining to communication, instrumentation and measurements.
In some applications these filters have advantages over discrete-
time counterparts as these do not produce sampling noise, con-
sume less power and are much simpler to implement. This has
led researchers to continue exploring the design and development
of CT filters.
The primary filter design approach consists of (i) selection of
order of the filter using design specifications for a given application
(ii) determining the appropriate transfer function and (iii) circuit
synthesis and implementation of the obtained transfer function.
The transfer functions can be implemented either entirely out of
passive components or using discrete/ integrated active circuits.
Higher order CT filters are synthesized using two dominant
approaches namely cascaded biquads and lossless doubly termi-
nated LC ladder realization. Generally lossless doubly terminated
LC ladder method is preferred as suggested in vast literature
[1,2], since this method leads to component variation-tolerant fil-
ter realizations, much better dynamic range of performance and
improved passband magnitude response accuracy than cascaded
biquads. The only disadvantage of this method is the use of induc-
tor as it’s realization in an integrated circuit (IC) form is not feasi-
ble in terms of space utilization, cost and tunability [1]. Thisshortcoming may be overcome either by using element replace-
ment method or by leap frog method. In element replacement
method inductors are replaced by gyrators. This method is suitable
for grounded inductor based designs only as realizing high quality
floating inductors proves to be challenging. Use of frequency
dependent negative resistance (FDNR) is another method of ele-
ment replacement however it is suitable for designing low pass fil-
ters. In leap frog method signal flow graph (SFG) approach is used
to emulate the relationship between various passive elements.
These SFGs are then physically realized using lossy and lossless
active integrators [2]. The filter realizations so obtained are called
active LC-ladder filters.
Few leap frog method based active LC-ladder filters [3–23] of
varying order, using different approximation functions have been
presented in literature. The structures use variants of second gen-
eration current conveyors (CCII) namely multiple output CCII
(MOCCII)[4], dual/multiple output current controlled CCII (DOC-
CCII/MOCCCII) [5–7], differential voltage CC (DVCC) [8], differential
voltage current controlled CCII (DVCCC) and differential voltage
current controlled Current Feedback Operational amplifier
(DVCCCFOA) [9], current feedback operational amplifier (CFOA)
[10], current feedback amplifier (CFA) [11]; current differencing
buffer amplifier [12–14], current controlled current differencing
buffer amplifier (CCCDBA) [15], current differencing transconduc-
tance amplifier (CDTA) [16–17], operational transconductance
amplifier [18–20], current backward transconductance amplifier
[21], CMOS based differential integrators [3], CMOS based lossy
and lossless integrators [22–23]. These available structures provide
voltage [9,10,15,18–20] and current [3–8,11–14,16,17,21–23]
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do not provide output at appropriate impedance level therefore
additional active blocks may be needed to access the output. Fur-
ther [7] is active only structure which uses parasitic pole of oper-
ational amplifier making it’s tuning difficult. It is also observed
that the active blocks used in available LC-ladder filters [3–23]
employ large number (sixteen or more) of MOS/bipolar transistors
per block for its realization. This number will considerably increase
further if current sources used for biasing purpose are realized
through MOS/bipolar transistors. A detailed comparison of salient
features of these structures is given in Table 1. It is clear from
Table 1 that a limited literature is available on structures providing
voltage output [9–11,15,18–20]. Furthermore these structures do
not provide output at low impedance except for those presented
in [10,15].
The Operational Trans Resistance Amplifier (OTRA) [24–29] is a
current input voltage output active block which is neither slew
limited nor does its gain bandwidth product is fixed unlike conven-
tional voltage mode opamp. Additionally the effect of parasitic
capacitances at the input can be eliminated due to internally
grounded input terminals. These features make OTRA a suitable
choice for realizing voltage output leapfrog filter. Therefore, the
present work focuses on developing OTRA based LC-ladder filter
with the systematic approach using leapfrog structure. Comparing
the proposed structure with available literature on voltage mode
LC-ladder filter with low output impedance [10] [15] reveals
following:
– The proposed topology uses six OTRAs to provide 6th order
response whereas [10] and [15] provide 5th and 3rd order
responses respectively with same number of active blocks.Table 1
Summary of features of available LC-ladder filters based on leap frog method.
Ref.
No.
Active blocks Output Output
Impedance
Need of additional active
block
[3] CMOS based
integrator
Current High No
[4] MOCC Current High No
[5] MCCCII Current High No
[6] DO-CCCII Current High No
[7] OA + CCCII Current Low Yes
[8] DVCC Current Low Yes
[9] DVCCFOA
+ DVCCCII
Voltage High Yes
[10] CFOA Voltage Low No
[11] CFA Current Low Yes
Voltage High Yes
[12] CDBA Current Low Yes
[13] CDBA Current Low Yes
[14] CDBA Current Low Yes
[15] CCCDBA Voltage Low No
[16] CDTA Current High No
[17] CDTA Current High No
[18] OTA Voltage High Yes
[19] OTA Voltage High Yes
[20] OTA Voltage High Yes
[21] CBTA Current High No
[22] CMOS Current High No
[23] CMOS Current High No– The 5th order CFOA based structure [10] uses eight resistors out
of which six are floating.
– The 3rd order CCCDBA based structure [15] uses fourteen resis-
tors out of which seven are floating.
– The proposed structure uses sixteen resistors for providing 6th
order response. All the resistances have one terminal connected
at either of input ports of OTRA which are internally grounded.
Thus the proposed structure is benefitted from integration
viewpoint.
– The CMOS based realization of CFOA [10] employs eighteen
resistors and two current sources while CCCDBA [15] uses
twenty four resistors and floating current source. Both these
active blocks would be requiring additional transistors to real-
ize current sources. The OTRA realization uses only fourteen
transistors thus will occupy smaller chip area.
Rest of the paper is organised in the following manner. Section 2
elaborates on the concept of nth order LC-ladder filter realization
using leapfrog method. Section 3 elucidates on the employment
of OTRA for this application. In Section 4, the simulation results
for a sixth order Chebyshev low pass filter prototype are shown
and Section 5 concludes the paper.
2. LC-ladder filter realization using leap frog method
In this section the leapfrog realization of doubly terminated LC-
ladder is elucidated. An nth order doubly terminated LC-ladder
having only inductors in series arm and capacitors in shunt arm
is depicted in Fig. 1.
The current in shunt arm and voltage across shunt arm are rep-
resented respectively asFilter order, approximation and type Inbuilt
Tunability
5th order, Butterworth, low pass filter Yes
3rd order, elliptic, low pass filter No
5th order, Butterworth, low pass filter Yes
6th order, Chebyshev, band pass filter
8th – order elliptic band pass filter Yes
3rd order, Butterworth, low-pass filter 6th order Chebyshev
bandpass filter
Yes
5th order, Butterworth, low-pass filter 6th order, Chebyshev,
band-pass filter
No
3rd order, Butterworth, low-pass filter Yes
5th order, – , low-pass filter No
5th order, – , high-pass filter
6th order, Chebyshev, band-pass filter No
3rd order, Chebyshev, band-reject filter 3rd –order, Chebyshev,
high-pass notch
3rd order, elliptic, low-pass filter
5th order, Butterworth, low-pass filter No
6th order, Chebyshev, band-pass filter
3rd order, Butterworth, low-pass filter No
3rd order, Butterworth, low-pass filter No
6th order, Chebyshev, band-pass filter
3rd order, – , low-pass filter Yes
3rd order, – , high-pass filter
7th order, elliptic, low-pass filter Yes
6th order, Butterworth, low-pass filter Yes
– Yes
7th order, Chebyshev, low-pass filter Yes
3rd – order, Elliptic, low-pass filter Yes
5th order, Butterworth, low-pass filter Yes
5th order, Chebyshev, low-pass filter Yes
3rd order, Chebyshev low-pass filter Yes
Fig. 3. OTRA Circuit Symbol.
Fig. 2. An nth order doubly terminated LC-ladder with general immittances.
Fig. 1. An nth order doubly terminated LC-ladder.
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and
Vj ¼ Vj1  Vjþ1 ðj ¼ 1;3;5; . . . . . . ;n 1Þ ð2Þ
Since, In + 1 = 0 so In = In  1.
Voltage at different nodes are given as
Vj ¼ IjsCj ðj ¼ 2;4;6; . . . . . . ;n 2Þ
Vn ¼ InsCn þ GL
ð3Þ
where GL = 1/RL.
The currents in series arm are given by
Ij1 ¼ Vj1sLj1 ðj ¼ 4;6; . . . . . . ;nÞ ð4Þ
I1 ¼ V1sL1 þ RS ð5Þ
Representing the elements in series arm as admittances and
those in shunt arm as impedances Fig. 1 modifies to Fig. 2.
The series arm current is related to node voltages by
Ij ¼ Yj ðVj1  Vjþ1Þ ðj ¼ 1;3;5; . . . . . . ;n 1Þ ð6Þ
The correspondence between node voltage and series arm cur-
rents is given by
Vj ¼ Zj ðIj1  Ijþ1Þ ðj ¼ 2;4;6; . . . . . . ;n 2Þ ð7Þ
Vn ¼ ZnIn1 ð8Þ
The active realizations of the above equations will depend on
terminal characteristics of the constituent active block. As this
work uses OTRA as active block that processes current difference
and provides voltage output, some changes are necessary for per-
forming voltage differencing operation. The following section elab-
orates on it.3. OTRA based implementation
The OTRA is a three terminal current mode active device shown
symbolically in the Fig. 3 and is characterised by following termi-
nal equation
V0 ¼ RmðIþ  IÞ ð9Þ
where Rm is transresistance gain of OTRA. For ideal operation, Rm
approaches infinity forcing the input currents to be equal and there-
fore this active block should be used in negative feedback configu-
ration. The input terminals of OTRA are virtually grounded and
hence are low impedance terminals. This property of OTRA leads
to cancellation of parasitic effects at input thus making it a suitable
for high frequency applications.
The OTRA provides voltage as output therefore direct realiza-
tion of Eq. (8) is not possible. Eq. (8) is multiplied by scaling resis-
tor RSC to convert current into voltage. Eq. (6) modifies to
RSCIj ¼ RSCYjðVj1  Vjþ1Þ ! V Ij ¼ tYj½V j1  V jþ1
ðj ¼ 1;3;5; . . . . . . ;n 1Þ ð10Þ
where;Y1 ¼ 1sL1 þ RS ;Yj ¼
1
sLj
; tYj ¼ RSCYj;
ðj ¼ 3;5; . . . . . . ;n 1Þ ð11Þ
Fig. 4. OTRA based Differencing Lossy Integrator.
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modified to Eqs. (12) and (13) respectively.
j ¼ Zj
RSC
ðRSCIj1  RSCIjþ1Þ ! V j ¼ tZj½V Iðj1Þ  V Iðjþ1Þ
ðj ¼ 2;4;6; . . . . . .n 2Þ ð12ÞVn ¼ ZnRSC RSCIn1 ! vn ¼ tZnv Iðn1Þ ð13Þwhere; Zj ¼ 1sCj Zn ¼
1
sCn þ GL ; tZj ¼
Zj
RSC
;
ðj ¼ 2;4;6; . . . . . . ;n 2Þ ð14Þ
It may be observed that active realization of Eqs. (10)–(14) is
possible through differencing lossy and lossless integrator. The
OTRA based differencing lossy integrator is given in Fig.4. The
output voltage Vout is expressed in terms of V1 and V2 as:
Vout ¼ 1sCþ G2
V1
R1
 V2
R1
 
ð15Þ
A differencing lossless integrator can also be realized using
Fig. 4 if R2 is chosen to be infinity. Using these differencing lossy
and lossless integrators, a complete OTRA based nth order
LC-ladder as given in Fig. 5 can be realized.Fig. 5. Proposed OTRA based nth ord4. Non-ideality analysis
Ideally the transresistance gain of OTRA approaches infinity and
forces the two input currents to be equal. However, practically the
transresistance gain Rm is finite and frequency dependent therefore
its effects on the behavior of realized LC-ladder should be
considered.
Considering a single pole model, the transresistance gain Rm can
be expressed as
RmðsÞ ¼ R01þ ðs=x0Þ
 
ð16Þ
For high frequencies, the transresistance gain Rm(s) reduced to:
RmðsÞ ¼ ð 1sCpÞ ð17Þ
Here R0 is DC open loop transresistance gain, x0 is the transre-
sistance cut-off frequency and Cp = 1=R0x0 is the parasitic capaci-
tance. Considering finite transresistance gain the output voltage V0
of Fig. 4 is recomputed as
Vout ¼ 1sðCþ CpÞ þ G2
V1
R1
 V2
R1
 
ð18Þ
Eq. (18) clearly indicates that Vout modifies in presence of Cp.
However, the effect can be accommodated through self-
compensation i.e. by pre adjusting the value of capacitor C or by
connecting a capacitor of value Cp between ‘ + ’ and output termi-
nal of OTRA.5. Simulation Results
The theoretical proposition is functionally verified by taking a
prototype sixth order Chebyshev low pass filter with 0.1 dB ripple
in passband which may be obtained by considering n = 6 in Fig. 1.
The normalized values of various passive elements [2] are
L1 = 1.1681, C2 = 1.4040, L3 = 2.0562, C4 = 1.5171,L5 = 1.9028,
C6 = 0.8618 and RLoad = 0.7378. Considering the passband
bandwidth of 340krad/s, source resistor Rs ¼ 1:2 kX and assuming
C1 = C2 = C3 = C4 = C5 = C6 = C = 0.5 nF the values of the resistors for
proposed OTRA based low-pass LC-ladder circuit are calculated as
RS = 6.9 kX;, R1 = 2 kX, R2 = 33 kX, R3 = 3.6 kX, R4 = 30 kX,er doubly terminated LC-ladder.
1812 S. Kumari et al. / Engineering Science and Technology, an International Journal 19 (2016) 1808–1814R5 = 3.3 kX, R6 = 17 kX, RL = 3.9 kX. For verification purpose, CFOA
BASED realization of OTRA [30] is used.
Fig. 6 shows the simulated and theoretical frequency responses
for proposed OTRA based low-pass LC-ladder. The simulated pass-
band bandwidth is observed to be 54 kHz which is in close agree-
ment to the theoretical value. To study the response in time
domain of the designed low pass filter an input comprising of three
sinusoidal frequency components, 1 kHz, 54 kHz and 100 kHz is
applied. The input time domain waveform and its correspondingFig. 6. Simulated and theoretical frequency respo
Fig. 7. (a) Input Signal (a) Time domain
Fig. 8. Output signal (a) Transient Refrequency spectrum are depicted in Fig. 7 whereas those of output
are depicted in Fig. 8. It is observed that the frequency components
around f0 are slightly attenuated and frequency components
greater than f0 are negligible.
It is well known that higher order filters based on LC ladder
show very low sensitivity to component variation. To illustrate this
fact the passband bandwidth is measured through Monte Carlo
simulation with 10% tolerance in (i) only capacitors, (ii) only resis-
tors and (iii) both resistors and capacitors. The histogramsnses of the OTRA based low-pass LC-ladder.
waveform (b) Frequency spectrum.
sponse (b) Frequency spectrum.
Fig. 9. Monte Carlo analysis with 10% tolerance in capacitance values.
Fig. 10. Monte Carlo analysis with 10% tolerance in resistance values.
Fig. 11. Monte Carlo analysis with 10% tolerance in resistance and capacitance values.
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1814 S. Kumari et al. / Engineering Science and Technology, an International Journal 19 (2016) 1808–1814obtained through simulations for cases (i)–(iii) are shown in
Figs. 9–11 respectively. It is found that 75% of the samples are
within ±3% of designed passband value.6. Conclusion
A systematic development of OTRA based voltage-mode LC-
ladder filter based on the leapfrog method is presented. A sixth
order Chebyshev low pass filter prototype is developed for illustra-
tion of the proposed theory which used six OTRAs, six capacitors
and fourteen resistors. All passive components are grounded in
the realization which makes the proposition suitable from integra-
tion viewpoint. The designed structure is verified using PSPICE
simulation where OTRA is emulated using two CFOAs. A close
agreement is observed between the theoretical formulation and
simulation results.References
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